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ABSTRACT

The Xalapaxco  tuff cone is located on the nordwast flank of L,a Malinchc stratovolcano in

central Mexico. An unusutdly  large number (10) of explosion craters, concentrated on the central

and on the uphill side of the cone, expose alternating hcds of s[ratillcd  surge deposits and massive

fall deposits. The morphology of the cone and the characteristics of its deposits point to the

involvement of significant quantities of groundwatcr  during its eruption. q’hc phrcatomagmatic

eruptions which led to the cone’s formation pierced an alluvial fan, whose source is a glacially

carved canyon near the summit of I.a Malinchc  volcano. The large canyon was cut during repeated

glacial episodes, the last of which ended ca. 8,500  years ago. I’hc present alluvia] fan mostly

consists of reworked glacio-fluviatilc  andcsitc/dacitc material from La Malinchc.  Rising magma

encountered substantial amounts of groundwatcr within the limestone basement and in overlying

intercalated pyroclastic  and glacio-fluviati]c  deposits of the alluvial fan. Short-1ived

phrcatmnagmatic  eruptions produced surge and airfall deposits. Xcnoliths found in the cone beds

arc composed of dacite and andcsitc clasts, limestone, chcrt, and ram ignimbri[e  fragments. No

juvcni]c material could be unequivocally idcntifie(i,  bu[ is represented mos[ probably by porphyritic

dacitc similar in texture and composition to La Malinchc  lavas. The multiple craters were folmed

as a response to changes in water and magma supply during the short-lived eruption, Hence, the

locations where ideal magma/water ratios existed to fuel phrcatomagmatic  explosions shifted in

time and space. Analysis of dian~ctcr/(icpth  ratios of the craters indicates that the activity shifted

from the center of the cone to its periphery in the west. Duc to the configuration of the

hydrographic  environment, more groulldwater flowing from La Malinchc  was available from the

fm on the uphill side than below the cone at later stages of the eruption. The apparently anomalous

position of the tuff cone on the slopes of a stratovolcano in a presently dry environment can be

explained by more humid climatic conditions prevailing at the time of eruption.



introduction

The Xalapaxco turf cone is ]ocatcd in the central part of the Trtins-Mexican Volcanic Belt

(TMVB), 35 km northeast of the city of Pucbla,  on the southwestern ccigc of the Scrd6n-Oriental

Basin (Figure 1). It is situatecl near the base of the northeast flank of I.a Malinchc, a Tertiary-

Quatcrnary  andesitic stratovolcano  that reaches 4503  m in altitude and is bclicvcd  to be extinct

(Hcinc, 1975) (Figure 2).

About a dozen other phrcatonlagmatic  explosion craters occur in the Scrcidn-Oriental
*

their crater. XalcI]Mxco  is a word in Nahuatl  (the language spoken

or container made of sand. An AX(Jl(Jp(HKI  is a VCSSC1  Inadc of sand

ti]c term Xf[lapaxcw  can bc envisaged as ti~c equivalent of a tuff cone

intcrmontanc basin, several of which bear either the name Xalapaxco or Axalapaxco  depending on

whether they contain a lake in

by the Aztecs) meaning VCSSC1

that contains water. Thcrcforc

or dry tuff ring, and A.mlapnxcw  as a maar.

Ordofiez  (1905, 1906) was the llrsl to .sIuciy  tuff rings in the Scr(i:ln-Oriental intcrmontanc

basin, and to rccog]lize  that they were pi~rc:~to~]~agl]]iltic  in origin , alti~ougil  hc did not include

Xalapaxco  tuff cone, dcscribcd here, in his studies. Von Erffa ct al. (1977) were the first to

mention Xalapaxco  an(i recognize its probable young age by its mori-hology.  Xalapaxco  is in

many respects a typical tuff cone. But the unusually lilrgc number of explosion craters which

indent its surface attracted our attention. A survey of the litcratul<e  rcvca]cd  that no other place in

the world has a similar tuff cone with so many craters. It is the purpose of this paper to provide

the first description of Xalapaxco  and spcculatc  about the possib]c oligin  of its multip]c craters.

General Setting

We first noticed Xalapaxco while analyzing Lancisat  Thematic Mapper satellite images of

the Scrdin-Oriental  Basin. This closed intcnnontanc basin has an area of about 15,()()() kn]2 and an

altitude of approximately 2300 m a.s.l. It rcprcscnts  ti~c castcrnrnost part of the Mexican Altiplano

and is surrounded by Mioccnc to Quatcrnary  stratovolcanocs  an(i cal(icras, which arc mainly

andcsitic  to dacitic in composition. During tile Quatcrnary  ti~c basin of Scr(iAn-Oriental and nearby
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areas were affcctcd by dramatic climatic changes. Ex(cnsivc  lakes WC. ~!ed the interior of the basin

and large glaciers covcrcd  the summits of surrounding volcancc~ including I.a Malinchc.

Remnants of these lakes still exist in the lowest parts of the basin (Oh ,:emach and Straka, 1983).

Within the flat basin arc numerous tuff rings and cindf cones, as well as Iargc

monogenetic rhyolitc  dorncs  (Sicbc, 1986; Sicbc and Vcrma, 19[ . Formation of tuff rings

within a depression such as the Scrd6n-Oricmtal  is not surprising s‘ ;C most other docurncntcd

phreatomagmatic  craters arc found in topographically low positions ;t the bottom of valleys; in

basins associated with existing or previous lakes (White, 1990, 19! swamps, and marshes; or

near the seashore (Ollicr, 1974; Lorcnz., 1973; Wohletz,  1990). ~ topographically low areas

rising magma will encounter most likely cnoLlgh  grounci  - or surfac( atcr to interact with. Tuff

cones generally form in wetter environments, ~ypically  where sha’ JW water is present at the

surface (Wohlctx and Sheridan, 1983). Xalapaxco is the only tuf :onc in lhc area, all other

phrcatornagmatic  craters arc tuff lings.  Formation of a tuff ccmc at rc; vcly high elevations, along

the slope of Malinchc volcano, seemed peculiar , as no obvious w:?i{:r  body was apparent. Wc

suspcctcd  that the Xalapaxco  tuff COIIC formed as the result  of the rlleraction  of magma with

abundant water in an anomalous hydrologic si(uation.

In aciclition  to volcanic cdificcs and eruptive products in tht. S~crdin-Oriental Basin arc

mountain ridges of Upper Cretaccous limcs[onc  which form the cxl-sed  basement of the region

(Yaiicz Garcfa, 1980). The limestones arc thinly bedded and conta cnscs and nodules of dark

chcrt. They were tightly folded and fiaultcd  prior to on.set of the volcm:ic  activity in the area.

Examination of the Landsat ~’hcmatic  Mapper satellite image covering a 60 x 60 km area

centered on La Malinchc volcano (Figure 3) revealed the presence of drainage anomaly around

the Xalapaxco  tuff cone. The cone is situated in the middle of a larg~ ~lluvial  Pan, which heads a

major incised canyon (Barranca Axaltz.int]c).  This is the largest crosi 1 fcamrc which drains the

upper summit area of the volcano. For the most part, the drainagcc mcd on the slopes of La

Malinchc  arc locally subparal]cl  and dense, and form a radial ,. :crn (Figure 4). These

characteristics arc consistent with the underlying Ilnc-graincd  and u lrm pyroclastic deposits
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exposed in barranca  walls. The area around Xalapaxco  is relatively free of drainages; a fairly blank

triangular area is shown on the drainage intcq]rctation, corrc.spending to the area of the fan. Most

of Xalapasco’s explosion craters arc clustcrcd on the side of the cone that fi~ccs the NE slopes of’

La Malinchc.

Morphology of Xalapaxco  and its Craters

The Xalapaxco  tuff cone is an asymmetric structure with H height of 150 m and basal

diameter of 1900 m, yielding a height/base ratio of about 1:12, which is within the typical values

for other tuff cones. The surface of the cone is actively farmed, as a modest soil has developed

from covering ash deposits. TIM unusual feature of this cone is the large nurnbcr of explosion

craters which indent its summit and flanks. The 10 craters range in diameter from 436 m to 111 m

(Figure 5), and in depth from 98 m to 25 m (1’able 1). Ihcir diameter/depth ratios vary from 7.4 to

2.9, the srnallcr  numbers represent the dccpcr,  lCSS  fi]]cci-in cr:ltcrs. Of t]l~ two pzlirs of

superposed cmtcrs producing a “figure 8“ configuration ( 1 and 2; 4 an(i 5), wc infer that the crater

with the smaller diameter/de.pth is youn.gcr,  and may htivc cjcctcd material timt illlcd the crater with

the larger ratio (Figure 6). The dccpcst explosion crater is almost 100 m deep,  aithough  like the

other craters, it is partially filled with slump debris. The 1() explosion craters on Xalapaxco arc

distributed unevenly; most of them arc loca[cd  on the uphiil  si{ic of the cone, facing La Malinchc

(Figures 2 and 5).

Stratigraphy  and composition of clasts
.

Vegetation is extensive in all the craters, obscuring the walls and hiding the stratigraphy.

Only in crater 1 was it possible to measure a nearly continuous, 52 m thick section. In the rest of

the craters, only a few to ten meters of section arc exposed. Bedding dircctiorrs  arc inward-dipping

on the inside of the craters, and outward-dipping on the hanks of Lhc cone. Wails within nested

craters show overlapping inward and outward dipping strato,  (icpcnding  on which crater was active

and the exact cross-cutting relationships. Typical dips arc bctwccn 5 and 15 degrees for the
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outward dipping material, and 24 dcgrccs for the inward dipping beds. I’hc craters are ,gencrally

filled, at least in part, by reworked tuff from slumping of the inward-dipping beds, widening the

original craters and removing most of the inward-dipping material (White, 1990).

In every outcrop examined, the material was the same. Predominant are fall deposits and

surge deposits. This is illustrated by the 52 m section measured in the NW wall of crater 1. The

bottom 15 m consists of sorted, 5 cm thick planar beds of fine material ranging from sand to silt to

clay sized particles. Neither gmding nor large xcnoliths or clasts  arc evidcn[.  q’hc next 13 m arc

intcrlaycred  lithic-rich  and lithic-poor  planar beds. Reprcscn[a[ivc  grain size analyses are shown in

Figure 7. The lithic-rich  beds arc 5-10 cm thick, clay-poor, and are WCII indurated. “1’hcy  arc WC1l

sorted, with clasts up to 12 cm. impact sags occur bcnc~th  larger clas[s. Clasts arc gray and pink

dacitc and andcsitc, with fresh-looking plagioc]asc and bioti[c  phcnocrysts,  and reddish, partly

oxidized hornblende crystals; rare clasts of dark chcrt and gray limestone also occur. “I”hc  lithic-

poor beds arc finely Iaminatcd, buff colored, with sand to silt sized clasts. Clasts arc of similar

composition to that seen lower down. l’hc upper 24 m arc ma(ic up dominantly of lithic-poor

planar-bedded layers, 5-10 cm thick. They arc semi-indurated, clay-rich, and not .gradcd.

Occasional lithic-rich horizons are WC]] sorted, and up to 15 cm thick. Clasls  range up to 15 cm;

compositionally they arc 95% andcsitcs  and dacitcs,  with rare clasts of limestone, chcrt,  and violet

ignirnbritc. Planar bedding is the most cotnmon seen in all exposures, typical for low energy

surges (Wohletz and Sheridan, 1983); impact  sags with angular blocks arc also seen (Figure 8).

Other exposures show some variation on this measured section: in places, 10-20% of the

layers am composed of 2-6 cm thick gravel-cobble layers composed of andcsitc and rare chcrt.

Also seen are occasional layers showing wvcrsc  grading. Rare scour chnnncls  30 cm across arc

exposed in some of the vents. Unlaycrcd,  unsorted layers are also seen, with subangular  to

subroundcd clasts up to 1 m in diameter.

The most frequent type of clasts (ea. 80% of the entire volume) consists of a dense dacitc

which is gray in color with clcorly visible phcnocrysts  of hmmblcndc,  plagioclasc, and bioti[c.

Where weathered, this dacitc  is reddish-brown in color. Microscopically this rock is characterized
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by strongly zoned, partially resorbed labracioritc  phcnocrysts (up to 3 mm in length, containing

fluid inclusions, apatitc needles, and magnetite grains), p]cochroic  oxy-hornblende. (up to 3 mm

length, often isomorphic with opacite rims) and brown biotitc phcnocrysts  (up m 2 mm,

plcochroic)  which  are embedded in a hyalopilitic  groundmass containing mostly  second gcncra[ion

fcldspars, magne[ite grains, and glass (samples 9102 and 9104  in ~“ablcs 2 and 3). l’his rock is

identical to the boulders and gravel that form the hulk of the glacio-fluvial  fan surrounding the cone

and which has its origin at La Malinc}~c.

I’hc second most frequent type of clasts (ea. 10% by volume) consists of a limestone which

is light gray in color and contains abundant chcrt nodules. “1’hc chcrt nodu]cs  arc either dark flint or

white novacu]itc;  they arc probably diagcnctic  in origin and mostly rcplacivc. Since many of the

chcrt nodules (especially the black ilint) occur as isolated angular fragments up [o 5 cm in size

within the tuff layers of Xalapaxco,  wc first interpreted thcm to be juvenile volcanic glass.

However, inspection under the microscope and chemical analyses revealed their true identity. l’hc

chcrt consists mostly of an aggregate of c(]llidi]~lc]lsic)nal  grains of r~liclocryst:]lli[~c  quartz with

abundant water inclusions (sample 9103 in l’ab]c 2). ‘1’hc limestone and chcrl fragments arc

identical to those outcropping in nearby areas and forming elongated ridges within the Scrdin-

Oricntal Basin and belong to either the CrctaccoLN  Tamaulipas  Formation or the Oriztaba Formation

(Yaficz Garc{a,  1980; von Erffa et al., 1977).

In addition to the gray dacitc an(i Crctaccou.s  chcrty  limestone, other clasts,  mostly volcanic

in origin, such as white chalcedony occur. q’hcy arc absolutely subordinate and negligible by

volume. Noteworthy to mention arc also a fcw clasts of violet color that microscopically seem to

have the flow structure of an extrusive rhyolite.  Under tile microscope, ti~csc clasts turned out to

be fragments of densely welded ash flow tuffs (sample 9101 in Tables 2 and 3). They showed

typical alignment of glass shards due to compression during compaction. The compressed shards

arc molcied  against phcnocrysts  of p]agioclasc and biotitc which may show local resorption

cm baymcnts. They tire largely glassy but lim margins silow incipient dcvitrification, ti]c produc[s

of which arc too fine to bc resolved by ti~c microscope. Extremely !lattcncd  pumice fragments
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embedded in shard material also occur. “1’hc dcvitrification  of the minute pumice lenses has

destroyed their original fibrous structuw.

Scanning Electron Microscopy (SIIM)  observations

Since no definitive juvenile material could bc i(icntific(i  within the coarser deposits, sarnplcs

taken from surge deposits were examined with the scanning electron microscope (SEM). Samples

were sieved and the 1 @ fraction isolated and clcancd  using the mctbod  dcscribcd in Komorowski

(1991). Inspection under the binocular microscope rcvcalcd  that most grains rcprcscnt the gray La

Malinchc  dacitc  tha( occurs abundantly in the alluvial fan. In addi[ion,  as wc found

microscopically, chcrt and limestone were the second most frequent constituents. A vancty  of

par[iclcs were mounted and analyzed by SEi14.  identification of grains was made with an Energy

Dispersive Spectrum X-ray analysis systcm (EDS). A fcw grains  of volcanic glass were

identified. Whether or not these arc juvenile is ciitllcul[ to asccr[ain. All grains arc very rouncicd

with pitted surface textures displaying a high dcgrcc  of abrasion an(i edge modillcation (Figure 9)

not typical of particles from pyroclastic  surge deposits as dcscribui in Hcikcn and Woi~lctz  (1985).

This is compatible with a strong dcgrcc of postfl<:lgr~lc]~tatio]~  par[iclc-partic]c interaction during

transportation prior to final deposition. Apparently subscclucnt explosions reworked and

rcdcpositcd already existing surge deposits.

Composi t ion  and origin of the aiiuvial  fan

We inspcctcd  the prominent alluviai fan on wilich Xalapaxco  is buiit. At a distance of 3 km

downslopc of the tuff cone arc a number of small quarries which tile local rcsi(icnts have dcvclopcd

as a source of sand, rounded cobb]cs, and gravel. Compositional]y,  the rocks arc the same

monotonous gray and rcddisi~ dacitcs and andcsitcs  that arc. so abundant in Xalapaxco’s  deposits

and represent the bulk of its mass. The material is typicaliy unsorleci,  an(i has cicarly  been

deposited fiuvially  as outwash. Based on timsc observations, wc conclude timt ti~c basement

directly underneath the Xalapaxco  cone is, at least in part, composed of reworked !3uvial  and
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alluvial gravels and cobbles, the source of which was La Malinchc.  ‘1’hc product$  of this volcano

arc lithologically  very homogeneous and monotonous.

At present, the climate in [hc area is semiarid. 3“’l]c  arroyos arc dry most of the year, except

for the rainy season, when sheet floods can occur after heavy rainstorms. These floods normally

cover only a small area of the entire Fan suggesting that this type of phenomenon must have been

more frequent and intense in previous geologic time to produce the Pm.

Previous studies of the palcoclimatc  and ages of glacial cvcn[s shed some light on the origin

of the alluvial fan and hcncc the history of the tuff cone, its formation, and its age.

Glaciomorphological  and palacoclimatic  studies at Mexican stratovolcanocs  have shown that

several glaciation ocurrcd  in the Late P]cistocclm (White, 1951, 1962; Hcinc,  1975, 1988; White

ct al., 1990). ‘I”hc Late QUatC]”Jlary  strati graphic succession of 1A Malinchc has been studied by the

“Mexico Project” of the German Scicncc Foundation (Ilcinc,  1973; 1975; 1984; 1988). In the

erosional gullies starting from the upper rcachcs of the volcano and extending towards the basins

they found exposed layers of glacial and pcri-glacial  deposits, palcoso]s,  (icbris, lluvial  gravels and

sands, and intcrbcddcd lava flows, ignimbri(c (icposils  and tcphra. Dating of some of the layers

was accomplished by radiocarbon dating of charcoa]. Relative agc dating mctilods included

topographic position an(i morphological shape of moraines, rock-wcati~cring  parameters, soil

properties, and lichen development. Five glacial advances have been identified during the last

40,()()0 years in central Mexico: maxima al 33,000-3S,()()()”  yJ’ 131> (MI), about ] 2,000  yr BP (MII),

and 8,500-10,000 yr BP (MI]]); and lesser acivanccs  at 2,500-3,000 yr BP (MIV) and 500 yr BP

(MV). These events were cormlatcd  at otbcr volcanoes all over the entire central Mexican

highland, and thus apparently do not rcprcscnt local fluctuations. Maximum periods of humidity,,

and hence intensive fluvial and glacial erosion OJId strong mass movement, correspond to the

glacial maxima MlII, MII, and Ml. Eivcnts  MIV anti MV did not affect La Maiinchc duc to its

lower  elevation compared to higher peaks, such as Popocxttcpctl,  and Pico dc Orizaba (Hcinc,

1984). We suggest ti~at most of the large canyon, Ilarranca  Axal[zintlc.  at ti]c head of the

Xalapaxco alluvial fan, was glacially fom]cd (iuring these JnOJ”C  inlcnsc  glacial cvcn[s.  The alluvia]



fan at the base of the canyon mprcscnts  outwash of reworked glacial rnatcrial, composed

dominantly ofandesitc  and daci~eclasts  from La Malinche.

Discussion

Several keyqucstions  rcgardingtllcforl~latio~~  ofXalapaxcohavc  not becna(idressed  yet.

Thcyincludc:  l) What isthcjuvcnilc  material and what isti~cratio ofjuvenilc  tenon-juvenile

clasts?  2) Why is Xalapaxco  a positive landform and not a “hole in the ground’’” as other

phrcatomagmatic  craters in the Scrd4n-Oriental ? 3) What were the prevailing hydrologic conditions

at the time of eruption ? 4) Why ciocs  Xalapaxco have so many craters, were they formed at the

same time or did they erupt in a certain scqucncc  ? 5) What is the age of Xaiapaxco ? The answers

to these questions arc strongly intcrrc]atcd  and will be addressed in the following paragrapi]s.

Field observations, mineralogical anti chemical analyses of gravel and boul(icrs,  as well as

inspection of ash particles under the binocular ancl scanning electron microscope, al] indicate that

Xalapaxco  is mostly phrcammagrnatic  in origin. Considering its general morphology, texture of

the deposits, and the types of constituent material, Xalapaxco can best be dcl’inc(i as a tuff cone

Tuff cones arc a type of hydrovolcanic exp]osivc  conslruct, forming a continuum from maars and

tuff rings (Ollicr, 1967; Fisher and Waters, 1970; Woh]ctz, 1986; White, 1991), to tuff cones

(Lorcnz et al., 1970; Heiken, 1971; Lorcrrz, 1971; 1973; Scif and Sparks, 1978; Sheridan ancl

Wohletz,  1983; Wohlctz  and Shcritian,  1983;  Lorcnz,  1986). They are formed during the

interaction of magma or rnagmatic heat with an cxtcrrral  source of water, such as a lake or-

groundwatcr  (Sheridan and Wohicr~,  1981). Tuff  cones arc distinguislwd  by their larger height to

basai diameter ratios (typically about 1:5 to 1:15) compared to tuff rings (vaiucs  less than 1:25).

Tuff  cones arc typically formed from WC( surges (condensing steam media) rather than dry surges

(superheated steam rncdia) (Sheridan an(i Wohlctz, 1983) and arc corrstructcd by rnultiplc

phrcatomagmatic  eruptions and explosions that can eject boti~ juvcni]c and non-juvcni]c  material,

exotic blocks from the basement, and hyciroclastic  ash. “1’hc ash can bc intcrprctcd  as failout  from

milder episodes of activity, or as more violcntiy  deposited base surge matcriais  (Fisher and Waters,
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1970; Waters and Fisher, 197 1; Schminckc et al.,1973; Self et al., 1980). l’hc three principal

deposit types found in tuff corws arc: (1) explosion brcccia; coarse-graincd, chaotic pyroclastic

deposits near the base of tuff cones; (2) thinly bedded  dcposils that include surges and have near

horizontal bedding; and (3) thickly bcd(icd deposits; showing indistinct or poorly developed

bedding, often strongly indurated (Wohlctz and Sheridan, 1983).

All of these types of deposits occur at Xalapaxco although (2) and (3) arc by far the most

abundant. Evidence for the eruptive mechanism is seen in the planar bcciding,  degree of

induration, occasional dune structures, incut  channels, etc. l’hcsc all point to phrcatomagmatic

eruptions of low to moderate energy. A uniform e.ruplivc style is seen; no switch of eruptive style

from phrcatic to strombolian,  for example, is evidenced in any cxposLIrcs. All surges appear to

have been modratcly wet, attesting, to either a short-lived eruption, or static eruption conditions.

lhc lack of soil development or erosion anywhere in the sections also indicates a short-lived

eruptive history.

From our petrologic examinations wc were unable to identify juvcni]c material. l’hcrcforc

the relative proportions ofjuvcni]c  and non-juvcni]c  mtitcrial  CrLlptCd from Xa]apaxco  could not bc

asccrtaincd,  but it might be similar to those rcpor[cd  for other tuff cones.

Bccau.sc  Xalapaxco is a positive construct, juvenile magma must have been present and is

most probably reprcsen[cd  by a fraction of d~c porpbyritic  gray andcsitc/dacitc that forms the bulk

mass of Xalapaxco. This means [bat the juvenile magma is almost identical in composition to the

La Malinchc  porphyritic  andcsitcs/dacites  that cornposc dlc alluvial fan.

Surface water was probably provided only by the stream that drains La Malinchi’s glacial

valley, Water for phrcatomagmatic eruptions must have been supplied, thcrcforc, by subsurface

sources: the fluviatilc  gravels and/or the CrctaceoLM  limestone. The abundance of andesi@/dacitc

in Xalapaxco’s  deposits suggest that phrcammagmatic  explosions took place mostly at very

shallow depths, where rising porphyri(ic  viscous magma began [o spread out like a laccolith  wbcri

it rcachcd the unconsolidated ICSS dense fluviatilc  scqucncc. It appears that it is the shallow depth

of the phrcatomagmatic  explosions, that is mostly responsible for the formation of a tuff cone
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rather than a tuff  ring with a deep c~-a[cr  as occurs elswhcre  in the central par[ of the Scrd4n-

Oricntal basin. The relatively thin sequence of fluvial gravels covering the dense limestone

basement below  Xalapaxco prov’idcd  enough water for phrcatomagmatic activity, hut this situation

did not allow high pressures to exist. “f’hcreforc  most explosions were rather weak and the ejected

material piled up near the vents. In the center of the basin where the 100SC infill is much thicker,

explosions took place  at greater depths and were much stronger, ]cading to a wider dispersal of the

ej~cka  and formation of dccpcr  craters with smaller rims.

]ntcraction of the magma with water fuc]cd the phrcatomagmatic  eruptions. The magma

was probably continuously fed by more wamr from the aquifer in [Im gravels, than was flowing at

the surface downhill from the clircctioll  of La Malinchc.  l’his is the reason, wc believe, that mos[

of the craters exploded on the uphill  (water-rich) side of the cone, and arc no[ more randomly

distlibutcd.

We assume that first the main large crater  (#l]) formcci. At this vent most of the

phrcatomagmatic explosions that constructed the cone took place at shallow dcplh.  “1’hc activity at

the main crater might have ccascd when the tivai]ablc  groundwatcr  at that place was mostly

consumed. I’hc Iaccolithic magma body continued spreading latcral]y under the cone near the

contact bctwccn  the limestone and the alluvial gravels. Activity resumed in the areas to the W and

SW where groundwatcr  flowing from La Malinchc towards the eruption site. was sufficient to

continue fueling phreatomagmatic explosions forming [he pcriphcra]  craters. This means that il is

unlikely that all craters eruptcci at [hc smnc time. Since magma and groundwatcr  supply changed

through time, the locations where the ideal n~agma/water ratios for fueling phrca(omagmatic

explosions would be encountered also changed.

The diameter/depth ratios for the different cra(crs might shed some light on their order of

appearance. Assuming that all craters initially had a similar form, craters with high diameter/depth

ratios were probably the ilrst to form, while craters with small ratios were probably the youngest in

appearance. According to this hypothesis the craters would have been formed in the following

order: 10, 2, 3, 4, 1, 7, 9, 8, 5, and 6. Conversely, [hc maximum diameter seems to bc the most



appropriate parameter to determine the duration of activity at each crater, indcpcndcntly  of the order

in which the craters formed, bccausc. their depth might have diminished atlcr cessation of activity

due to later infill  by material cjcctcd  by ncighbouring craters. According to this assumption the

craters can be catalogucd  in the following ordcl”  (from Iongcst to shortest duration of activity): 1, 3,

2, 10,9, 8, 5, 7, 4, and 6. From the above considerations a general spatial and temporal trend cant

bc observed: Craters 1, 2, and 3 at or near the main summit area of Xalapaxco were the fist to

appear and were active for longer periods of time, while craters 5, 6, 7, an(i 8 in the western and

southwestern pcnphery  facing La Malinchc were formed at the end of the eruption and were active

for a short time span. This shift in activi(y from dm ccn[ral  summit area to the western pcliphcry  is

also supported by strati graphic relations.

Duc to the absence of charcoal or other material datab]c  by the C-14 method, wc were not

able to obtain any absolute gcochronologic data on Xalapaxco’s  deposits. Stratigraphic relations

indicate that the age of Xalapaxco is younger han the deposition of most material that comprises

the alluvial fan, which was fonncd as a response to rcpca[ccl  glacial activity  at 1.a Malinchc.  Hcncc

it is younger than the last major glaciation, which occurml  about  8000 (o 10000 years ago. AI

present, climatic conditions in the area arc semiarid and it is questionable if the alluvial fan would

provide enough groundwatcr  from the high country of La Malinchc to fuel phrcatomagmatic

explosions in case of renewed volcanic activity. For this rcuson wc speculate that Xalapaxco

formed during the vanishing stages of the last glaciation, when more groundwatcr  was available

and the hydrologic conditions were mom favorable for pl]rcatonl:]g]]l:]tic  activity.

Conclusions

Based on our investigation, wc infer tlutt the Xalapaxco  tuff cone formed when rising

magma encountered sufficient vo]umcs of ground water in the alluvial fan heading from the glacial

valley on the cast side of La Malinchc volcano, as WC]] as in the saturated Crctaccous limestone

basement. A suggested cross-section through the cone (Figure 10) shows the lowest basement

material to be folded Crctaccous  limestone, as evidcnccd by limcsmnc and chcrt closts  found as
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exotic  inclusions in the Xalapaxco tuff cone strata, and the nature of nearby lirncstonc  outcrops.

Overlying the limestone beds arc most probably a series of fluvial layers intercalated with

pyroclastic  flow and air fall deposits. l’hc volcanic products found in the fluvial layers are from La

Malinchc volcano; these are dominantly reworked gray and reddish andcsitc and dacite  gravels,

with rare rhyolites. Overlying the volcanic and fluvial  deposits is the most rcccnt glacio-fluvial

outwash debris forming the alluvial Fw); this is made up of subangular to round fragments of the La

Malinchc  andcsites and dacites. During the eruption, Xalapaxco  tuff cone sampled all of the

underlying basement materials, incorporating sand. cobbles, and boulders as xcnoliths,  and

ejecting some of thcm as bombs. For this reason it is also possible that particles observed under

the SEM reccivcd their rounded and pitted charac[cr  durins  transport as the alluvial deposits

accumulated and not necessarily during exp]osivc  recycling during eruptions. l’hc vents

thcmsclvcs  arc currcrrtly filled with slump debris from mass wasting of the steep vent walls into the

pits.

A schematic history of (I1c formation of (IIC Xalapaxco  [uff cone is as follows: Global

climatic changes during the Quatcmary rcsu]tcd  in dcvc]opmcnt  of major glacial episodes, affecting

the high volcanic peaks in central Mexico. ‘l”hc last major glaciation of the summit of I.a Malinche

occumed about 8,000 to 10,000  yr BP. During the glacial s(agcs a deep glacial canyon was carved

on the northeast flank of the volcano. Warming climate caused the glrrcicrs to melt, leaving a deep

incised canyon, Barranca  Axaltztint]c,  fit the hcadwatcr  of a drainage. Alluvia] and reworked

glacio-fluvial  matcria]s were deposited as a triangular-shaped alluvia] fan on the flank of I.a

Malinche.  On the other sides of the volctino,  parallel, incised drainages dcvclopcd,  cutting into the

pyroclastic  deposits, also found below the alluvial fan. Continued volcanic activi[y  at L.a Malinche

resumed when rising magma asccndcd  through the limestone basement, picrccd intercalated fluvial

and pyroclastic layers, and ilnally brcachcd the alluvial fan to erupt on the surface. The magma

encountered large volumes of water, particularly in the alluvial Pan which ac[cd as an aquifer that

was fcd by a large area of the vo]conic  cdificc. Other sources of groundwalcr  were in the limestone

hasemcnt,  which has high pcrmcabi]ity  and could form karstic voids; and in the overlying

14
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intercalated fluvia] and pyroclastic  beds. The high water/nlagma ratio, estimated to bc bctwccn  0.5

and 1.0 (Wohlctz  and Heiken,  1991), produced phreammagmn[ic  eruptions of moderate

explosivity  at shallow depths. Eruptions were short-lived, as cvidcnccd  by the lack of soils

bctwccn  beds. Construction of the cone was by way of base surges and fall deposits. The

juvenile magma was most probably porphyritic  dacite  similar in composition to I..a Malinchc  lavas.

After cessation of eruptive activity, the cone has been modillcd by erosion, producing small gullies

on the sides; and by slumping of material into the craters, partially filling thcm.

The peculiar setting of the Xalapaxco  tuff cone on [hc flanks of a stmtovolcanocs  is

explained by the interaction of magma and groundwatcr  under nlol<c  humid climatic conditions.

Under normal, drier conditions, or in a drier environment, Xalapaxco  might have formed as a

dacite dome. However, because of [hc prcscncc of a glacio-fluvia]  alluvial t’an, storing and

channc]ing  Iargc quanti~ies of water, ascending magma rctictcd phrcatically to produce a tuff cone.

It is therefore possible to at least partially atributc the formation of Xalapaxco  to the peculiar

configuration of hydrologic conditions that prevailed during the last glacial stage in this area.
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Location map showing the Xtilapaxco  tuff cone on the northeastern flank of La Malinchc

stratovolcarm,  centr~l  Mexico, northeast of Pucb]a,  The area is located in the eastern part of

the Trans Mexican Volcanic Belt, an active arc related to the subduction of the Cocos Plate

uncicr the North American Plate.

Perspective view showing the NE slopes of La Malinchc volcano, the prominent alluvial

fan on which Xalapaxco  tuff cone is located, and Barranco Axaltzintlc.  The image

combines Landsat Thematic Mapper satellite image data and digital topographic data.

Landsat The.matic Mapper satellite irnagc of the area around  La Malinchc volcano, central

Mexico. The image covers an area of about 60 x 60 km, with a resolution of about 30 m.

The Xalapaxco  tuff cone is the small circular feature cm the cast flank of dlc volcano.

Drainage network map of La Malinchc volcano, intctpctcd  from Figure 3. Most of the

drainages are parallel and closely spaced, forming a radial pattern around  the summit. OrI

the northeast flank, the Xalapaxco Luff cone is situated in a triangular alluvial fan with a

marked abscncc  of sLHfacc drainage channels.

Map of the Xalapaxco  tuff  cone. “1’hc  map was redrawn from lhc 1:50,000 scale

topographic quadrang]c.  Six of the cra[crs arc named “Hoyas”  or clay pols:  (1) Hoya

Coatcs (2) Hoya Grandc (3) Hoya Las Moncras (6) Hoya San Crist6bal (9) }Ioya Las

Saucotas  (10) FIoya Los Tcxalcs. Scctioll “A-13”  is shown in Figure 10.

View from the summit arco of Xalapaxco  tuff cone towards SW with La Malinchc

stratovolcano  (M) and alluvial fan (AF) in the background. In the foreground arc older and

partially filled explosion crater 4 and younger and clccpcr  explosion crater 5.

Histograms showing typical distribution of grain si~.c populations from Xalapaxco surge

deposits. Samples 9317 and 9320 arc from the silt-rich horizons: samples 9319  and 9321

arc from lithic-rich  horizons.

Outcrop within explosion pi[ Hoya Grandc showing typical planar surge (icposits  from

which samples for grain-size analyses arrci SEh4 were taken. Surges consist mostly of silt

to sand sized clasts of ancicsitc  an(i daci[c. Larger  subangular  blocks silow impact sags

(arrow) in layers whici~ are 2-10 crn thick. Clasts of chcrt, limestone, and welded tuff are

present. The plane parallel Iaycring is obvious when wet.

SEM images taken with secondary electron imaging motic of typical particles found in

Xalapaxco  surge deposits (1 @ size fraction). Ail show roun[icd  grains witil pitted and

abraded surfaces and modified edges. Note ti~c lack of fresh fracture surfaces but the

abundance of small- scale features (< Xlpm) which suggest a low energy cnvironrncnt

within whicil  numerous grain-to grain collisions took phtcc. l“i~is woul(i bc compatible with

a par[iclc-loaded environment of rcpca[e(i abrasion of rccycicd  clasts.  Scxdc bars arc 1 mm.
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(A) Typical limestone clast from the Crctaceous basement, with mundcd edges, pit[cd and

sand-blasted surfaces. (B) Rounded, pitted and s~nd-b]asted chcrt grain from nodules

wi~hin  the Cretaccous  limestone. (C) Subroundcd clast of volcanic glass that might be of

juvenile origin; note the significant state of edge modification and surface abrasion. (D)

Typical vitric sub-angular clast of weakly vcsiculated  La Malinchc dacitc  showing crystals

of plagioclasc  and hornblende.

10. Interpretative cross-section of the Xalapaxco tuff cone. The underlying basement consists

of Cretaccous lirncstonc;  above arc intercalated iluvia]  layers and pyroclastic flow and air

fall deposits from La Malinchc. On top is the most recent glacio-fluvial fan debris, which

provided an aquifer and a source for water, thus leading to explosive phrcatomagmatic

activity.
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TABLE 1. Dimensions of Xalapaxco  eruption craters

Crater Diarmlcr  (n)) D i a m e t e r / I I ! hDcP!!tiITL__.—_ -. ——. —

1 436 9$J 4.4

2 252 48 5.2

3 283 60 4.7

4 113 25 4.5

5 152 41 3.7

6 111 38 2<9

7 140 35 4.0

8 154 40 3.8

g 174 45 3.9

10 200 ‘2_7___. _ . . .  __ . . . . 7.4 . -__... ___
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TABLE 2. Whole rock chemical analyses of Xalapaxco  tuff cone xcnoliths

9101 9103 9104
Sample ## rhyo” Chcrt IIacite——..
Si02 70.70

Ti02 0 . 2 0

Al@3 10.4s

Fc203 1.62

MnO 0.04

MgO 0.31

CaO 4.94

Na20 2.85

K20 3.57

P205 0.12

.01 -.–-L8.!2__.  . . . . . . . . . . .

TOTAL (%) 98.69

Lati 30.0

cc 50.0

Nd 17.0

Sm 2.8

13u 0.7

n <1.0

Tm <2.0

Yb 2.0

Lu 0.3

Sc 1.9

Th 18.0

u 3.()

Y 20.0

BaO+ 0.058
Cr203 0.07
s 0.02
_—a— -.. —

* Densely welded ryolitic  ash 11OW tuff
“’ ppm
+ y.

60.00

0.43
9.8

3.32

0.06

1.80

12.38

2.64

1.45

(). 13

_L79._.
99.78

14.0

26.0

14.0

2.8

1.0

<1.()

<2.0

<1.0

<().2

7.1

?). ()

1.0

10.0

().040
0.05
0.03

65.70

0.63

15.28

4.32

0.07

2.62

4.84

4.25

2 . 1 0

().17

() ?4 _._ -., . . ..——

100.32

17.0

32.()

15.0

3.4

1.1

<1.0

<2.0

1.0

<0.2

10.0

4.2

1.0

16.0

0.053
0.02
0.02
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TABLE 3. Modal analyses (vol. %) of Xalapaxco tuff ccmc xcno]iths  (>500 points counted)

9101 9103 9104
Sample ## rh yo” Chcrt Dacite——..
Plagioclasc 7.8 22.6 21.4

Hornblende 0.0 10.6 11.0

Iliotitc 0.6 0.2 3.8

Magnet.ite 0.4 3.() 1.4

Pumice 8.2 0.0 0.0

~atlix 1$3,0 63,6 ____—_62t4  . – .

TOTAL 100.0 100.0 100.0

——_——— ———.. —-—

‘Den.sc]y welded rhyolitic  ash !Iow tuff
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